Introduction
============

Myostatin, a transforming growth factor-β family member, is a negative regulator of skeletal muscle mass^[@bib1]^ and several approaches have been used to knockdown this protein to induce an increase in skeletal muscle growth.^[@bib2]^ This could have important implications in disease conditions including cancer and HIV/AIDS, which are accompanied by muscle mass loss. Sarcopenia, muscle atrophy, obesity-related metabolic disorders, and insulin resistance may potentially also be ameliorated by inducing myostatin inhibition. In the context of Duchenne muscular dystrophy (DMD), although dystrophin restoration can be achieved using different approaches including overexpression of mini/microdystrophin and dystrophin exon skipping, it is likely to be less effective if the disease has already progressed to a state where there is advanced muscle wasting and damage. Blockade of myostatin activity could therefore have a therapeutic effect in DMD. As myostatin has conserved function in humans, it is likely that muscle regeneration resulting from myostatin inhibition in animal models can be reproduced in humans. Inhibition of intracellular signal transduction, blockade of extracellular activity of myostatin, and decrease in signaling of myostatin have been explored for inhibiting myostatin expression. Myostatin neutralizing antibody was prepared by immunizing myostatin-null mice with recombinant myostatin and its treatment resulted in improved muscle mass and function in preclinical studies.^[@bib3]^ The clinical trial of a monoclonal neutralizing antibody to myostatin, MYO-029, established a good safety profile, but no improvement in muscle function or strength was observed.^[@bib4]^ A modified myostatin propeptide that is resistant to proteolytic cleavage has been shown to bind myostatin and inhibit its signal transduction, resulting in an increase in skeletal muscle weight in animal studies.^[@bib5],[@bib6]^ Follistatin, a secreted glycoprotein that binds very strongly to myostatin, has been used to induce muscle mass growth. However, its inhibitory effects are not specific to myostatin suggesting that it also inhibits other transforming growth factor-β family members during muscle growth.^[@bib7]^ In fact, myostatin inhibition in animal models by ACE-031, a soluble form of activin receptor type IIb (AcRIIb) showed a significant increase in muscle mass, independent of fiber type.^[@bib8]^ The use of antisense oligonucleotides (AOs) to induce exon skipping and thereby knockdown the expression of myostatin presents several advantages over the other currently used gene therapy approaches. First, there is no risk of uncontrolled insertion into the genome with AOs, as is the case for virus-mediated approaches.^[@bib9]^ Moreover, with an appropriate dosing regimen, exon-skipping levels can be regulated and, if necessary, the treatment can be interrupted.^[@bib10]^ Importantly, antisense phosphorodiamidate morpholino oligomers (PMOs) have not been reported to produce any toxic effects or immune response so far in animal models, as well as when used in clinical application.^[@bib11]^ We published the proof of principle that myostatin knockdown can be obtained by using octaguanidine-conjugated PMOs (Vivo-PMOs) to skip the out-of-frame exon 2 of the pre-mRNA and so inducing hypertrophy in the skeletal muscle of normal healthy mice.^[@bib12]^ Recently, the same strategy combining dystrophin restoration and myostatin inhibition by dual exon skipping has been reported in DMD muscle cells in culture using 2′-O-methyl-phosphorothioate (2′OMePS) RNA AOs. Dual skipping of dystrophin and myostatin exon 2 was demonstrated to be feasible in mouse and human cells with no interference between the two AOs. However, the skipping levels seen with these 2′OMePS AOs were low, and conclusions of applicability of dual exon skipping as an *in vivo* treatment for dystrophin deficiency could not be drawn.^[@bib13]^ To improve the efficacy of the dual dystrophin and myostatin exon-skipping strategy, in this study we have again used the alternative PMO chemistry that has been reported have better efficacy.^[@bib14]^ Furthermore, we have determined the efficacy of dual exon skipping of myostatin (exon 2) and dystrophin (exon 23) with PMOs conjugated with a cell-penetrating peptide^[@bib15]^ and administered simultaneously in mdx mice. The study shows that antisense-mediated destructive exon skipping of myostatin has great potential to be a part of a combination therapy alongside antisense-mediated reframing and restoration of dystrophin expression in the treatment of DMD.

Results
=======

Myostatin knockdown after single Vivo-PMO intramuscular administration induces significant increase in muscle mass
------------------------------------------------------------------------------------------------------------------

Before verifying the efficacy of a cell-penetrating peptide-conjugated PMO (B-PMO), we established the persistence of myostatin knockdown induced by PMO administration by using the previously tested octaguanidine-conjugated form of the 28-mer PMO-D (called in this manuscript as PMO-mstn for clarity). Wild-type female mice (6-week-old C57BL10 mice, *n* = 24) were injected in the tibialis anterior (TA) with a single intramuscular injection of 10 µg of Vivo-PMO-mstn. Contralateral TA muscles were injected with same volume of saline as control. Six mice were killed 1, 2, 4, and 8 weeks after injection, and both TA muscles weighed. Reverse transcription-PCR (RT-PCR) analysis following Vivo-PMO-mstn treatment has shown that skipping the exon 2 of mstn pre-mRNA produces two shorter out-of-frame nonfunctional transcripts. In particular, the upper and lower bands correspond to the complete product including exons 1, 2, and 3 (532 bp) and the exon 2 skipped out-of-frame product (158 bp), respectively. The intermediate out-of-frame product contains a partial sequence of exon 2 due to a cryptic 3′ splice site 296 nt downstream of the correct one.^[@bib12]^ Following intramuscular injection of Vivo-PMO-mstn, myostatin mRNA skipping was observed within 1 week and was still detectable after 8 weeks. The level of skipping as quantified by densitometric analyses remained at high and similar levels for 1 month and thereafter dropped significantly during the second month of the experiment: week 1: 75.1 ± 5.6%; week 2: 65.6 ± 13%; week 4: 74.4 ± 11.5%; week 8: 37.5 ± 4.5% (**[Figure 1a,b](#fig1){ref-type="fig"}**). There was no difference in the weight of treated and control TA muscles after week 1 and week 2. However, after 4 weeks, the treated muscles showed a significant increase in weight relative to the control muscle (two-tailed *t*-test, *P* = 0.04, *n* = 6) (**[Figure 1c](#fig1){ref-type="fig"}**). After 8 weeks, this response was even more pronounced (two-tailed *t*-test, *P* = 0.005, *n* = 6) (**[Figure 1c](#fig1){ref-type="fig"}**). We then compared the distribution of fiber cross-sectional area (CSA) in TA, staining the muscle sections with a laminin antibody. Surprisingly, no significant change in CSA of the muscle fibers was observed (**Supplementary Figure S1**) neither was there any significant change in the number of fibers in treated compared with control muscles. However, even if the muscles of treated mice were no larger than the saline-treated controls in the central region, treated muscles were proximally and distally wider (**[Figure 1d](#fig1){ref-type="fig"}**). These data indicate that the 8 weeks timepoint, corresponding to a state when the muscle weight is increasing while the skipping efficiency is dropping, represents the most convenient time to analyze the effect of the myostatin knockdown in murine skeletal muscles.

Myostatin knockdown after single intramuscular administration of PMO-mstn conjugated to a cell-penetrating peptide (B-PMO-mstn) induces significant increase in muscle mass
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Once we have established that Vivo-PMO administration induces a clear increase in muscle mass after 8 weeks, we compared the efficacy of an arginine-rich cell-penetrating peptide-conjugated PMO (B-PMO-mstn) with the Vivo-PMO-mstn at this timepoint by injecting the TA muscles of 6-week-old C57BL10 mice with 10 µg of each compound (*n* = 6). As controls, we used either 10 µg of the unconjugated PMO-mstn, that represents the baseline to quantify the effectiveness of the conjugated moieties,^[@bib12]^ or the same volume of saline. Mice were killed after 8 weeks and TA muscle weighed. Myostatin exon skipping was confirmed at the transcript level in the treated muscles by nested RT-PCR. Densitometric analysis of the skipped and full-length cDNA bands showed that there was 8.9 ± 0.9% myostatin exon 2 skipping with unconjugated PMO, 46.5 ± 2.9% exon skipping with Vivo-PMO-mstn, and 62.5 ± 5.3% exon skipping with B-PMO-mstn (**[Figure 2a,b](#fig2){ref-type="fig"}**). There was found to be a significant increase in the weights of TA muscles treated with B-PMO (two-tailed *t*-test, *P* = 0.04, *n* = 6) as well as Vivo-PMO (two-tailed *t*-test, *P* = 0.01, *n* = 6) compared with saline-treated controls (**[Figure 2c,d](#fig2){ref-type="fig"}**) while, as expected, unconjugated PMO did not lead to any significant change in the TA weight. Again while the weight and shape was changed, no difference was observed for fiber CSA in B-PMO--treated muscles, and only the TA muscle fibers of Vivo-PMO-mstn--treated animals showed a small but significant shift on the distribution of CSA relative to saline-injected animals (**Supplementary Figure S2a**, 0.04 \< *P* \< 0.05, χ^2^ test). Standard hematoxylin and eosin staining showed no major histological changes between controls and treated muscles (**Supplementary Figure S2b**). These data confirmed that the conjugation of PMO-mstn with a cell-penetrating peptide yielded a reagent that induces muscle mass augmentation in wild-type mice following intramuscular injection.

*In vivo* coinjection of B-PMO-mstn and a B-PMO--targeting dystrophin transcript reframing in dystrophic muscles induces both dystrophin expression and gender-specific muscle mass augmentation
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Dual exon skipping of both myostatin and dystrophin has been recently proposed as possible strategy to ameliorate the dystrophic pathology.^[@bib13]^ We verified the effectiveness of using the cell-penetrating peptide linked to PMO to downregulate both myostatin expression and reframe the dystrophin transcript in *mdx* mice. Whilst for myostatin downregulation we used the B-PMO-mstn, for the skipping of dystrophin we used the B-peptide--conjugated form of the extensively tested 25-mer PMO targeting the 5′ splice site of murine dystrophin intron 23.^[@bib16],[@bib17],[@bib18]^ The experiment was performed in both male and female *mdx* mice in order to evaluate a possible gender-specific outcome. TA muscles of 6-week-old *mdx* mice were treated with a single intramuscular injection of 10 µg of B-PMO-dys alone, B-PMO-mstn alone, or a 20 µg cocktail of B-PMO-mstn and B-PMO-dys (B-PMO-mstn+dys). Control muscles were treated with the same volume of excipient. Mice were killed 8 weeks after injection. Efficiency of PMO-induced exon skipping was tested by nested RT-PCR. No significant differences in the exon-skipping efficacy was observed between male and female muscles for myostatin or dystrophin transcripts skipped alone, or in combination. When administered individually, exon skipping was clearly detected at the transcript level in muscles treated with B-PMO-mstn (7.3 ± 0.9, **[Figure 3a](#fig3){ref-type="fig"}**) and B-PMO-dys (40.7 ± 7.5%, **[Figure 3b](#fig3){ref-type="fig"}**) for myostatin and dystrophin transcripts, respectively. Dual exon skipping of both myostatin exon 2 (11.3 ± 1.9%, **[Figure 3a](#fig3){ref-type="fig"}**) and dystrophin exon 23 (50.9 ± 5.9%, **[Figure 3b](#fig3){ref-type="fig"}**) induced by treatment of the same muscle with a cocktail of both B-PMO-mstn and B-PMO-dys was also clearly detected by nested RT-PCR, showing that myostatin or dystrophin exon skipping was not detrimentally influenced by the presence of two AOs (**[Figure 3e](#fig3){ref-type="fig"}**). Interestingly, while in male and female muscles a similar amount of skipped product was observed, a different outcome in the weight of the dystrophic muscles was found between male and female mice after the injection of B-PMO. In the muscles of treated males, no significant change in muscle weight was observed in TAs treated with B-PMO-mstn alone or B-PMO-mstn+dys compared with saline-treated controls (**[Figure 4a](#fig4){ref-type="fig"}**, *n* = 3--4 per condition). On the contrary, in treated muscles of female mice a significant increase in the weights of TAs treated with B-PMO-mstn alone (two-tailed *t*-test, *P* = 0.048) or a cocktail of B-PMO-mstn+dys (two-tailed *t*-test, *P* = 0.037) was found compared with saline-treated controls (**[Figure 4b](#fig4){ref-type="fig"}**, *n* = 3--4 per condition). As expected, B-PMO-dys did not lead to any significant change in the TA weight on its own (**[Figure 4a,b](#fig4){ref-type="fig"}**). Importantly, the global analysis made from male and female muscles together showed a statistically significant difference in muscles treated with B-PMO-mstn alone (two-tailed *t*-test, *P* = 0.03, *n* = 7) or with the cocktail of B-PMO-mstn+dys (two-tailed *t*-test, *P* = 0.006, *n* = 7) compared with saline controls (**[Figure 4c](#fig4){ref-type="fig"}**). Muscle fiber CSA was not affected by the treatments (**Supplementary Figure S3**). However, as we observed in C57BL10 muscles injected with Vivo-PMO-mstn, there were larger proximal and distal circumferences compared with saline-injected muscles. In particular, sections corresponding to the proximal region of B-PMO-mstn--treated muscles were statistically significantly larger than the corresponding sections in excipient-injected muscles (**[Figure 4d,e](#fig4){ref-type="fig"}**). No significant difference was observed for distal regions between B-PMOs and excipient-treated muscles in female mice or for proximal or distal and central regions in male muscles (data not shown). Immunofluorescence detection of dystrophin in whole transverse TA muscle sections revealed notably similar dystrophin expression in all B-PMO-dys-- and B-PMO-mstn+dys-treated muscles (**[Figure 5a](#fig5){ref-type="fig"}**). Importantly, muscles stained for hematoxylin and eosin showed no noticeable damage due to the treatment with B-PMOs when compared with the muscles of saline-treated *mdx* mice (**[Figure 5b](#fig5){ref-type="fig"}**). Sirius red staining of muscle sections was performed to evaluate levels of fibrosis but no obvious change was observed in treated muscles compared with the controls (**[Figure 5c](#fig5){ref-type="fig"}**). These results demonstrate that the independent myostatin or dystrophin exon-skipping events were not detrimentally influenced by mixing and coadministration of the two AOs. Furthermore, dual myostatin and dystrophin exon skipping induced both muscle augmentation and dystrophin expression.

Discussion
==========

The knockdown of myostatin, a negative regulator of skeletal muscle mass^[@bib1]^ has been proven to efficiently induce skeletal muscle augmentation.^[@bib2]^ We have recently demonstrated that skipping the out-of-frame exon 2 of myostatin from the pre-mRNA with the consequent knockdown of the protein is a feasible method to increase the muscle mass in normal mice.^[@bib12]^ The most obvious approach to ameliorate DMD is to induce the re-expression of dystrophin in the cardiac and skeletal muscles. One of the most promising approaches is based on the use of antisense therapy with PMOs and 2′OMePS AOs that have been successful on reframing the dystrophin transcript and so restoring dystrophin expression in *mdx* mice^[@bib16],[@bib19],[@bib20]^ and, most importantly, in humans.^[@bib21],[@bib22]^ In this context, AO-mediated myostatin knockdown might be a potential adjunct therapy for DMD with the aim of stimulating the growth of muscle tissue while reducing or reversing the substitution of muscle fibers with fat and fibrotic tissue. Recently the co-delivery of antisense adeno-associated virus (AAV) vectors to induce dystrophin restoration (AAV-U7-DYS) and muscle mass augmentation *via* inhibition of the myostatin receptor, activin receptor IIb (AAV-shAcRIIb) in dystrophic mice has been published.^[@bib23]^ These experiments suggested that downregulation of AcRIIb on its own was not sufficient to improve muscle strength of treated muscles. However, the combined downregulation of AcRIIb and restoration of dystrophin expression led to significant improvements in absolute and specific maximal muscle strength that was better than dystrophin restoration on its own.^[@bib23]^ *In vitro* studies using 2′OMePS AOs showed that myostatin and dystrophin AOs can be used simultaneously to induce exon skipping of pre-mRNAs of both the genes, and most importantly in human DMD cells.^[@bib13]^ Here, we used the PMO chemistry that offers the advantage of being easily conjugated with moieties that improve the efficacy of delivery *in vivo*. Our PMO for myostatin exon 2 skipping was conjugated with an octaguanidine moiety (Vivo-PMO) as previously published^[@bib12]^ or to a cell-penetrating peptide based on [L]{.smallcaps}-arginine, 6-aminohexanoic acid, and β-alanine as already described for the exon-skipping approach of the dystrophin gene.^[@bib24],[@bib25]^ A single intramuscular treatment of 10 µg of Vivo-PMO resulted in efficient skipping lasting for a month following the injection and dropping during the following month. Myostatin knockdown led to an increase in muscle weight starting 1 month after the injection and increasing during the next 4 weeks. The effect of the myostatin protein knockdown showed a delayed effect on the muscle compared with the transcript reframing. To our knowledge, a direct comparison between Vivo-PMO and B-PMO efficiency has not been performed to date. Here, we show that for myostatin exon skipping, Vivo-PMO proved to be superior than B-PMO in normal mice in that Vivo-PMO--treated muscles were heavier and showed a small but detectable change in the distribution of the fiber CSA. However, B-PMO induced more transcript reframing and the effect of B-PMO-mstn on the muscle weight may have been simply delayed. B-PMO-mstn induced higher skipping efficiency of myostatin in wild-type (62.5%) compared with *mdx* (7.3%) mice. We do not have an explanation for this latter difference in skipping efficiency. However, it is possible that the pseudohypertrophic mdx muscles and the concurrent lower amount of myostatin transcript expressed^[@bib26]^ could reduce the efficacy of PMO activity, compared with wild-type muscles. Simultaneously, intramuscular B-PMO treatment targeting myostatin and dystrophin resulted in significant muscle mass augmentation and dystrophin expression. The use of a cocktail of B-PMOs had no effect on the levels of myostatin skipping seen compared with use of the myostatin B-PMO alone. Our findings suggest that the AOs used for reframing myostatin and dystrophin transcript did not have a detrimental interaction thus confirming findings from another group.^[@bib13]^ B-PMO administered in muscles of male *mdx* mice did not achieve a significant change in muscle mass while in female mice muscle augmentation was statistically significant. Muscles of either female or male wild-type mice have no difference in the amount of expressed mRNA or in the unprocessed full-length myostatin protein. However, in female mice a post-translational increase of processed, bioactive myostatin has been measured compared with male muscles which may account for the different muscle size.^[@bib27]^ In contrast, in different muscles of *mdx* mice there seems to be variability in myostatin expression.^[@bib28]^ However, no studies have been performed to clarify whether TA muscles of *mdx* mice show gender-specific differences in myostatin expression. A possible explanation of the gender-specific difference observed in our study is that the hypertrophic effect induced by our dose regimen of B-PMO-mstn was still not efficient enough to be observed in the pseudohypertrophic mdx male muscles. The smaller muscles of female mdx mice, containing supposedly less myostatin, may show a much clearer effect. However, a better understanding of how a combination of myostatin inhibition and dystrophin expression restoration affects force generation, resistance to eccentric contraction, and other functional, contractile properties of the treated muscles is needed. Nevertheless, our data indicate that myostatin exon skipping alongside dystrophin expression restoration shows significant potential to be a part of a dual antisense combination therapy to counter dystrophin deficiency and its consequences in DMD.

Materials and Methods
=====================

*Animal studies and PMO administration.* For the *in vivo* experiments with C57BL10 mice, animals were bought from Harlan (Blacktown, UK). For mdx experiments, animals were bred in-house and food and water provided *ad libitum*. *In vivo* experimentation was conducted under statutory Home Office recommendation, regulatory, ethical, and licensing procedures and under the Animals (Scientific Procedures) Act 1986 (project licences PPL 70/7008 and 30/2652). Vivo-PMOs were obtained from Gene Tools (Philomath, OR). B-PMOs were synthesized as previously stated.^[@bib25]^ The sequences of PMO-mstn and PMO-dys were 5′-AGCCCATCTTCTCCTGGTCCTGGGAAGG-3′ and 5′-GGCCAAACCTCGGCTTACCTGAAAT-3′, respectively.^[@bib18],[@bib29]^ The desired dilutions of the AOs were prepared in 30 µl of sterile injectable saline or sterile 5% glucose solution depending on the experiment. Animals were anesthetized *via* intraperitoneal injection of 3 µl/g body weight of 25% (vol/vol) fentanyl/fluanisone (Hypnorm) and 25% (vol/vol) midazolam (Hypnovel) in sterile water or with isofluorane gas; intramuscular injections were made into TA muscles. During recovery, the animals were placed on a heating pad and monitored hourly for about 4 hours. For relevant experiments, whole body weights were recorded weekly. TAs of treated and control mice were excised postmortem and weights were recorded. To calculate the variation in muscle weight, TA weights were normalized against the whole body weight for each individual animal. The muscles were embedded in OCT embedding medium and frozen in isopentane cooled with liquid nitrogen.

*RNA isolation and RT-PCR.* RNA was extracted from blocks using TRIzol reagent (Invitrogen, Scotland, UK). RNA was then extracted from the homogenized samples by using the manufacturer\'s instructions; 1 µg of RNA was reverse transcribed and resulting cDNA amplified using specific primers; 1 µl of PCR products obtained was used as a template for carrying out nested PCR using a second set of primers (MWG, Ebersberg, Germany). Nested PCR products were loaded in 1.2% agarose gels. PCR programs and primer sequences are available on request. Densitometric analysis of the gels was performed using Gene tools 3.05 (Syngene, Cambridge, UK).

*Muscle sectioning, immunofluorescence, and histological staining.* Cryosectioning was performed with OTF 5000 cryostat (Bright, Huntingdon, UK) and 10 µm transverse sections of each muscle were cut at up to 10 levels through the muscle length. The tissue cut in the intervening sections between the levels of a block was collected in precooled 1.5 ml eppendorf tubes for RNA extraction and stored at −80 °C. For laminin staining, slides were fixed with ice-cold acetone and then blocked with 5% milk in phosphate-buffered saline with Tween 20 (PBST). Primary antibody solution was a rat anti-laminin antibody (L9393; Sigma-Aldrich, Poole, UK) diluted to 1:1,000 in 2.5% milk in PBST. Secondary antibody was an anti-rat biotinylated (Vector laboratories, Burlingame, CA). Alexafluor Streptavidin-568 (S-11226; Invitrogen) diluted to 1:1,000 in 2.5% milk in PBST was finally added to the slides. Slides were finally mounted in vectashield, hard set mounting medium for fluorescence with DAPI (4′,6-diamidino-2-phenylindole). For dystrophin staining, the same protocol was used but the primary antibody used was H12 Polyclonal rabbit antibody^[@bib30]^ diluted to 1:100 in 2.5% milk in PBST. The secondary antibody Alexafluor goat anti-rabbit-568 (A-11011; Invitrogen), diluted to 1:200 in 2.5% milk in PBST was added.

*Histological and morphometric analyses.* Muscle size was estimated in muscle sections previously stained for hematoxylin and eosin by using a standard protocol. A laminin staining was used to analyze the muscle fiber size. CSA for the whole muscle fibers were measured using SigmaScan Pro 5.0.0 (Systat Software, London, UK). Fibrosis was evaluated in muscle sections stained with Sirius red following a standard protocol.

*Statistical analysis.* Data are expressed as mean ± SEM. Student\'s two-tailed *t*-test and χ^2^ test were used for the analyses. *P* values \<0.05 were considered significant (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001). For all statistical analyses, GraphPad Prism software package (version 4; GraphPad Software, La Jolla, CA) was used.

[**SUPPLEMENTARY MATERIAL**](#sup1){ref-type="supplementary-material"} **Figure S1.** Distribution of cross-sectional area (CSA) of muscle fibers in Vivo-PMO--treated (black bars) TA muscles shows no difference with the saline-injected (white bars) TA muscles 4 (*P* \> 0.7) or 8 (*P* \> 0.9) weeks after the injection (χ^2^ test, *n* = 6). **Figure S2.** C57BL10 TA muscles were injected with unconjugated PMO-mstn, Vivo-PMO-mstn or B-PMO-mstn and mice were killed 8 weeks after the injection. **Figure S3.** CSA distribution in TA muscles of *mdx* mice treated with 10 µg of B-PMO-mstn, B-PMO-dys or a cocktail of B-PMO-mstn+dys.
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###### 

Distribution of cross-sectional area (CSA) of muscle fibers in Vivo-PMO--treated (black bars) TA muscles shows no difference with the saline-injected (white bars) TA muscles 4 (*P* \> 0.7) or 8 (*P* \> 0.9) weeks after the injection (χ^2^ test, *n* = 6).

###### 

Click here for additional data file.

###### 

C57BL10 TA muscles were injected with unconjugated PMO-mstn, Vivo-PMO-mstn or B-PMO-mstn and mice were killed 8 weeks after the injection.

###### 

Click here for additional data file.

###### 

CSA distribution in TA muscles of *mdx* mice treated with 10 µg of B-PMO-mstn, B-PMO-dys or a cocktail of B-PMO-mstn+dys.

###### 

Click here for additional data file.

![**Single intramuscular injection of Vivo-PMO-mstn in C57BL10 mice increases muscle mass.** Vivo-PMO-mstn (10 µg) was injected into the left tibialis anterior (TA) of C57BL10 mice (*n* = 6). The contralateral muscle was injected with excipient. Mice were killed after 1, 2, 4, and 8 weeks. (**a**) Representative products of nested RT-PCR analysis of myostatin exon 2 skipping in treated and control muscles at 1, 2, 4 or 8 weeks after the injection are shown. (**b**) Densitometric analyses of nested RT-PCR products of myostatin exon 2 skipping in treated and control muscles at 1, 2, 4 or 8 weeks (*n* = 6). Levels of exon skipping declined 8 weeks after the injection. Both bands corresponding to skipped products were included in the analysis. (**c**) Change in TA muscle mass following a single intramuscular injection of Vivo-PMO-mstn after 1, 2, 4 or 8 weeks. (Two-tailed *t*-test, \**P* = 0.0404; \*\**P* = 0.005, *n* = 6). (**d**) Representative TA muscles collected 8 weeks after a single injection of saline (left) or Vivo-PMO-mstn (right). Proximal (prox), central (central), and distal (dist) levels of the muscles are indicated by yellow lines. ns, not significant; PMO, phosphorodiamidate morpholino oligomer; RT-PCR, reverse transcription-PCR.](mtna201254f1){#fig1}

![**Single intramuscular injection of PMO-mstn linked to an arginine-rich cell-penetrating peptide in C57BL10 mice increases muscle mass**. Tibialis anterior (TA) muscles of C57BL10 mice were treated with 10 µg of unconjugated PMO-mstn, Vivo-PMO-mstn, B-PMO-mstn or excipient (*n* = 6). Mice were killed after 8 weeks and nested RT-PCR was performed on treated and control muscle RNAs. (a) Representative products of nested RT-PCR analysis of myostatin exon 2 skipping from muscles treated with the different PMOs are shown. (**b**) Densitometric analyses of nested RT-PCR products for percentage of myostatin exon 2 skipping in treated and control muscles. A statistically significant difference was observed in exon skipping mediated by B-PMO-mstn compared with both Vivo-PMO-mstn and unconjugated PMO (\**P* = 0.02 and \*\*\**P* \< 0.0001 respectively, two-tailed *t*-test, *n* = 6). Both bands corresponding to skipped products were included in the analysis. (**c**) Change of mass in treated and control muscles. Both B-PMO-mstn (*P* = 0.04) and Vivo-PMO-mstn (*P* = 0.01) treated muscles were significantly heavier than control muscles (two tailed *t*-test, \**P* \< 0.05 and \*\*\**P* \< 0.001, *n* = 6). (**d**) Representative TA muscles collected 8 weeks after treatment with the different PMOs or with excipient. ns, not significant; PMO, phosphorodiamidate morpholino oligomer; RT-PCR, reverse transcription-PCR.](mtna201254f2){#fig2}

![**Treatment of *mdx* mouse muscle with B-PMO-mstn and B-PMO-dys induces dual myostatin and dystrophin exon skipping.** Skipping of myostatin or dystrophin exons using B-PMOs following single or combined intramuscular injection (10 µg each) into the tibialis anterior (TA) of *mdx* mice. Mice were killed after 8 weeks and a nested RT-PCR was performed in treated and control-injected muscles. (**a**) Representative products of nested RT-PCR analysis of myostatin exon 2 skipping in muscles treated with excipient only (cont), B-PMO-mstn or the cocktail of B-PMO-mstn and B-PMO-dys. (**b**) Representative products of nested RT-PCR analysis of dystrophin exon 23 skipping in muscles treated with excipient only (cont), B-PMO-dys or a cocktail of B-PMO-mstn and B-PMO-dys. (**c**) Densitometric analyses of nested RT-PCR products for percentage of myostatin exon 2, or dystrophin exon 23 skipping in treated and control muscles after individual B-PMO-mstn or B-PMO-dys, or cocktail injection shows that coadministration of the two AOs has no detrimental effect on skipping efficiency. AO, antisense oligonucleotide; PMO, phosphorodiamidate morpholino oligomer; RT-PCR, reverse transcription-PCR.](mtna201254f3){#fig3}

![**B-PMO-mstn treatment increases the muscle mass in *mdx* mice with or without concurrent B-PMO-dys treatment.** Tibialis anterior (TA) muscles treated with a single intramuscular injection of 10 µg B-PMO-dys, 10 µg B-PMO-mstn, 20 µg B-PMO-mstn+dys or excipient were collected and weighed after 8 weeks. (**a**) Mass of TA muscles was unchanged after B-PMO-mstn treatment in male mice (ns = nonsignificant, *n* = 4). (**b**) Treatment with B-PMO-mstn (\**P* = 0.048; *n* = 3) and with B-PMO-mstn+dys (\**P* = 0.037; *n* = 4) induced a significant increase in the weight of muscles of female mice compared with the injection of excipient (two-tailed *t*-test). (**c**) The analysis of combined male and female data from **a** and **b** shows that the treatment with B-PMO-mstn (\**P* = 0.03) and with B-PMO-mstn+dys (\*\**P* = 0.006) induced a significant increase in weight compared with excipient injection (two-tailed *t*-test, \**P* \< 0.05, *n* = 7). (**d**) Treatment with B-PMO-mstn induced a significant increase in CSA of muscle sections harvested from the proximal region of the TA muscles of female *mdx* mice compared with the same sections taken from excipient-injected muscles (two-tailed *t*-test, \**P* \< 0.05, *n* = 3, 4 per condition). (**e**) Representative pictures of central and proximal muscle sections from excipient- or B-PMO-mstn--treated muscles of female *mdx* mice. Bar, 300 µm. CSA, cross-sectional area; PMO, phosphorodiamidate morpholino oligomer.](mtna201254f4){#fig4}

![**B-PMO-dys-- and B-PMO-mstn+dys-treated mdx muscles show substantial dystrophin restoration on the sarcolemma of muscle fibers with no histological hallmarks of toxicity or fibrosis**. Tibialis anterior (TA) muscles treated with a single intramuscular injection of 10 µg B-PMO-dys, 10 µg B-PMO-mstn, 20 µg B-PMO-mstn+dys or excipient were cut in transverse sections and (**a**) dystrophin expression and the (**b**) H&E histology of the samples were analyzed. (**a**) Muscles treated with either B-PMO-dys or B-PMO-mstn+dys express dystrophin widely. (**b**) Representative H&E staining of TA muscle cross-sections showed no overt signs of toxic or inflammatory effects as a result of B-PMO injections. (**c**) Representative pictures of Sirius red staining of TA muscle cross-sections showed no overt signs of fibrotic changes associated with B-PMO injections. Bar, 200 µm. H&E, hematoxylin and eosin; PMO, phosphorodiamidate morpholino oligomer.](mtna201254f5){#fig5}

[^1]: The first three authors contributed equally to this study.
